Climate change affects running waters not only by increasing temperatures but also by increasing discharge variability as more frequent and severe floods and more frequent and longer droughts occur, especially in upper reaches. Mediterranean streams are known to experience droughts, but Central European headwaters are also beginning to be affected. The development of bacterial communities (abundance, composition) and the recovery of microbial functions (bacterial production, extracellular enzyme activity) were explored after rewetting desiccated streambed sediments via a sediment core perfusion technique. The bacterial community composition changed only slightly in the sediments from the Central European stream Breitenbach (Germany), but distinctly in the Mediterranean Mulargia River (Sardinia, Italy) during 4 days of experimental rewetting. Breitenbach sediments probably enabled survival of bacterial communities more similar to indigenous streambed communities, because they were less dry. High activity of enzymes involved in polymer degradation at the beginning of rewetting in both sediments indicated the persistence of extracellular enzymes during drought. After 4 days, nearly all microbial activities reached a level similar to unaffected sediments for the Breitenbach, but not for Mulargia. Here, much more intense drying resulted in a more distinct change and reduction of the microbial community, responsible for slower recovery of structure and functions.
Introduction
Global climate change is among the most important political challenges of the 21st century, but it also poses scientific challenges. Predicted effects of the human-induced increase in greenhouse gases include elevated temperatures and increased frequencies of extreme weather events (IPCC, 2007) . Thus, global climate change will affect running waters not only by increasing water temperatures, but headwaters especially will be affected by more variable discharge, in particular more frequent and severe floods as well as more frequent and longer droughts (Sutherland et al., 2008) . Mediterranean streams are known to experience droughts in summer (Mariotti et al., 2002; Amalfitano et al., 2008) , but streams of the temperate zones are also beginning to be affected (Wilby et al., 2006; Sutherland et al., 2008) .
Lower order streams (1-3) represent a large portion of drainage length ($90%) and surface area (up to one-third) of running water networks. These smaller streams have an important impact on global biochemical processes and the preservation of biodiversity (Tockner & Stanford, 2002) . How will increasing frequencies and durations of droughts affect headwater communities? Few systematic measurements of stream ecosystem metabolism are available (Williamson et al., 2008) , whereas responses by plant and metazoan communities are more widely known (Humphries & Baldwin, 2003) . In addition, droughts can have substantial effects on microbial physiology and the composition of active microbial communities. This has important consequences for carbon and nutrient fluxes in the ecosystem, as was shown for soils (Schimel et al., 2007) . Such an assessment can be transferred without risk to benthic systems, because the change in water content is even more accentuated in aquatic environments than in soil.
Microbial communities are extremely diverse, and thus it is difficult to assess how they will respond to disturbances such as drought, for example how microbial diversity will change or what the functional consequences are for the ecosystem (Bardgett et al., 2008) . A major difficulty arises because most microorganisms are still uncultivable, and thus their function is poorly understood (van der Heijden et al., 2008) . Drought events not only reduce microbial biomass and metabolism and the decomposition of organic matter (Humphries & Baldwin, 2003; Rees et al., 2006; Amalfitano et al., 2008) , but may also induce shifts in community composition. At extreme sediment desiccation, high bacterial mortality and the release of N and P through increased mineralization of cytoplasmic solutes has been observed (Baldwin & Mitchell, 2000) , resulting in enhanced N and P availability. A pulse in activity was often observed upon rewetting soils (Anan'eva et al., 1997; Bardgett et al., 2008) , which is caused not only by substances released during drying but also by intracellular solutes (such as amino acids and low-molecular-weight carbohydrates) being released into the extracellular environment after having been produced and stored to acclimatize to low water content conditions (Halverson et al., 2000) . In addition, many cells may be disrupted during rapid rewetting, because disposal of osmolytes might not be fast enough to prevent rupture by increasing osmotic pressure Schimel et al., 2007) .
A lack of knowledge on the development of microbial communities upon rewetting of desiccated sediments is evident. Only a few investigations have been published on the effects of drying and rewetting on microbial communities in streams and rivers, especially from Mediterranean environments. These involved not only sediments Fazi et al., 2007 Fazi et al., , 2008 but also stromatolitic biofilms (e.g. Romaní & Sabater, 1997; Sabater et al., 2000; Romaní et al., 2006) .
A main problem when performing such investigations is the methodological approach. Usually, slow rewetting without a dramatic disturbance of the desiccated sediment is observed for streams. Thus, experimental approaches using sediment slurries are not appropriate, especially for longterm experiments lasting days or even weeks. Slurry experiments were often criticized because increases in microbial activities by one or more orders of magnitude were observed when intact sediments were experimentally disrupted (e.g. Hall et al., 1972; Novitzky, 1983) . However, Moriarty et al. (1991) and Marxsen (1996) found that the bacterial carbon production (BCP) rates were similar in disrupted and intact cores of marine origin or from streambeds, and extracellular enzyme activity (EEA) in a stream was measured to be even higher in undisturbed cores than in sediment suspensions (Marxsen & Fiebig, 1993) . For this investigation, sediment cores perfused with water were used (Fiebig & Marxsen, 1992) . This approach simulates the natural process occurring in many streams where groundwater enters the stream by diffuse perfusion through the streambed sediments. This approach has been established as a standard technique for measuring microbial activities especially in streambed sediments under controlled conditions close to the natural situation (Fiebig, 1992; Marxsen & Fiebig, 1993; Marxsen & Schmidt, 1993; Marxsen, 1996 Marxsen, , 1999 Marxsen, , 2001 Fiebig, 1997) . Among the advantages of this microcosm system are the minimal physical disturbance to the sediment and the close resemblance to the natural situation in the streambed (Marxsen & Fiebig, 1993; Marxsen, 1996) . This pilot study was designed to explore the response of microbial communities to rewetting of streambed sediments using the sediment core perfusion technique. Important details of the rewetting process were observed and analyzed, mainly to answer the following questions: (1) Are bacterial community structure and microbial activity different in a Mediterranean stream and a temperate stream at the beginning of rewetting? (2) How fast does the community structure change after rewetting? (3) How fast does microbial metabolism recover? and (4) Does microbial community structure and activity develop differently during recovery from desiccation in a semi-arid and a temperate environment?
The bacterial community structure was described by fluorescence-microscopic determination of abundance and group-specific composition via catalyzed reporter deposition (CARD)-FISH (Pernthaler et al., 2004) . A genetic fingerprinting technique [temperature-gradient gel electrophoresis (TGGE)] was applied to estimate the complexity of the community and compare between different samples (Beier et al., 2008) . Microbial metabolism was measured as BCP via uptake of radiolabelled leucine (Marxsen, 1996) and as EEA using fluorogenic model substrates (Marxsen & Fiebig, 1993) .
Materials and methods

Study sites
Investigations were performed on sediments from two running water environments: (1) the Breitenbach in Central Europe and (2) the Mulargia River from Sardinia Island in the Mediterranean.
The Breitenbach is a small first-order upland stream situated about 100 km to the northeast of Frankfurt am Main (Germany; 9139 0 E, 51139 0 N), originating about 350 m a.s.l. and entering the River Fulda at about 220 m a.s.l. after a channel length of 4200 m. The upper reach is bordered by forests on at least one side, whereas the middle and the lower parts flow mainly through grassland (for details: Marxsen et al., 1997; Marxsen, 2006) . The upper reach was occasionally dried out over the last 50 years, but only for short times up to a few weeks in autumn (Marxsen, 1980) . In the last decade, desiccation of the upper reach occurred more frequently and for longer durations. For example, this reach even lacked water discharge for nearly the whole year in 2004 (Fig. 1a) .
The river Mulargia is a second-order temporary river representative of the semi-arid Mediterranean Region (Fonnesu et al., 2004; Amalfitano, 2007; Gallart et al., 2008) located in the southeastern part of Sardinia Island (Italy; 39138 0 N, 09111 0 E). The main reach has a length of 18 km. Its network has an overall length of around 44 km, while the distance from the origin to the outlet into the reservoir is around 15 km. The landscape in the catchment is moderately influenced by human activities. The vegetation is typical for low and high Mediterranean macchia. The temperature regime is typically Mediterranean, with a maximum of around 40 1C and a minimum seldom below 0 1C. The strong seasonality of rainfall is reflected by the intermittent flow regime of the river, which can become completely dry during summer months (Fig. 1b) .
Sampling
Cores of sandy sediment measuring 1.5 cm in depth and 2.0 cm in diameter were sampled from the Breitenbach streambed (Marxsen & Fiebig, 1993) and returned immediately to the laboratory in November 2004. On November 3, the middle reach was sampled to obtain data for nondesiccated sediments. On November 15, samples were taken from the desiccated upper reach for determining extracellular enzyme activities after rewetting and on November 29 for determining bacterial production and abundance as well as bacterial community composition.
Mulargia sediment was sampled upstream of the Mulargia reservoir on September 29, 2004, when the discharge was at its minimum (0.018 m 3 s À1 ). The uppermost oxic layers (0.5-2 cm) were collected, sieved (2 mm mesh size) and stored at 4 1C. The wet sediment was analyzed for bacterial abundance, BCP and EEA and stored at room temperature until rewetting. It was rewetted using the perfusion technique on November 22 (bacterial community structure and EEA) and December 6 (BCP). Conditioning corresponded to the situation of sediments exposed to natural desiccation occurring in the Mulargia River.
Sediment structure was characterized using standard methods (Marxsen, 2001 ). Mulargia River sediments had a much lower water content and particle surface area and a higher mean grain size and organic matter content (Table 1) .
Experimental system: perfusion cores
In the laboratory, the cores from the Breitenbach were placed in a temperature-regulated incubator in the dark. The cores were perfused at 20 1C from below with filtered (0.22 mm) and boiled (30 min) stream water at a velocity of 2.0 mL cm À2 h À1 . This perfusion velocity corresponded to the natural diffuse water-inflow velocity through the streambed at a low water level. For the Mulargia River experiments, the dry sediment was filled into identical core holders as those used with the Breitenbach sediments and treated in the same manner. Artificial river water matching the natural nutrient concentration in Mulargia river water was used (APHA, AWWA, WPCF, 2005; Fazi et al., 2008) . EEA was determined from water leaving the cores on top (Marxsen & Fiebig, 1993) . The columns were disrupted for bacterial production and bacterial community composition analysis (Marxsen, 1996) . For this type of experiment, the initial measurements (at time t = 0) serve as appropriate controls (yielding information about community structure and activity when rewetting begins) to which the measurements performed later were compared.
Bacterial community structure
The analysis of bacterial abundance and community composition in the Breitenbach sediments was performed always on one core that was removed from the perfusion system, opened, carefully mixed and prepared for further treatment at the beginning of the experiments and after 6, 12, 24, 44, 68 and 92 h. Mulargia cores were sampled after 0, 17, 29, 41, 53, 69, 78 and 89 h. Samples for determination of bacterial abundance and CARD-FISH analysis (0.5 mL sediment in duplicate) were fixed with 4% paraformaldehyde solution, washed and stored at À 20 1C in a 1 : 1 mixture of ethanol (96%) and phosphate-buffered saline (PBS) (Llobet-Brossa et al., 1998) . Stored samples were washed with PBS before the sediment was diluted with 20 mL PBS. The bacteria were detached from the sediment particles by ultrasonic treatment and, after coarse particles had settled, appropriate volumes of the supernatants were filtered onto white polycarbonate filters (pore size 0.2 mm, GTTP, Sartorius, Göttingen, Germany) as suggested by Buesing & Gessner (2002) . The filters were treated with the CARD-FISH procedure of Pernthaler et al. (2004) using horseradishperoxidase-labelled oligonucleotide probes (biomers.net, Ulm, Germany; Table 2 ) and tyramide molecules fluorescently labelled with Alexa 488 . For determining the total bacterial abundance via SybrGreen I (Buesing & Marxsen, 2005) , filter pieces were separated after the permeabilization step. Hybridized and SybrGreen-stained cells were counted using a Zeiss Axiophot2 epifluorescence microscope equipped with a 100 W high-pressure bulb and the filterset HQ-FITCsel (exciter HQ480/40, beamsplitter Q505LP, emitter HQ527/30, AHF Analysentechnik, Tübingen, Germany). Cell numbers were determined in 10-20 microscopic fields (typically 4 400 cells; Kirchman, 1993) .
For TGGE analysis, sediment was stored at À 20 1C without further treatment. Extraction of DNA, amplification of eubacterial 16S rRNA genes, separation of gene fragments and evaluation of gels were performed as described earlier (Beier et al., 2008) . The TGGE bands were treated as operational taxonomic units (OTUs), a surrogate for bacterial species. The relative intensities of the bands (as a measure of abundance) were calculated for each lane and used for further statistical treatment (XLSTAT 2008.6 .01, Addinsoft SRAL, Andernach, Germany). Cluster analysis was performed with Bray-Curtis dissimilarities calculated for each pair of lanes. The dendrogram was constructed using the unweighted pair-group method with average linkages. Correspondence analysis (CA) was used as another approach that enabled the analysis of major tendencies of the variance of the bacterial community structures on the basis of TGGE profiles (Fromin et al., 2002) . The ShannonWiener diversity index H S was calculated as:
where P i is the proportion of OTU i (SP i = 1) and S is the total number of OTUs for each lane. The maximum diversity H max was determined as:
and the evenness J as:
Activity Extracellular enzyme activities were determined using 4-methylumbelliferyl (MUF)-and 7-amino-4-methylcoumarin (MCA)-substrate analogues, MUF-b-D-glucopyranoside for the measurement of b-glucosidase, MUF-oleate for lipase, MUF-phosphate for phosphatase and leucine-MCA for the measurement of leucine-aminopeptidase (all compounds from Sigma, Munich, Germany). The substrates were added at final concentrations of 0.5 mmol L
À1
(0.3 mmol L À1 for phosphatase and 1 mmol L À1 for leucine aminopeptidase) to the perfusion water (two replicate cores per substrate), which had been determined to be in the saturation range of EEA. The fluorescent products 4-methylumbelliferone or MCA released by enzyme activity were measured in the water discharging from the cores' tops (Marxsen & Fiebig, 1993) . Water containing the appropriate substrates was perfused through the two cores reserved for each substrate at defined time intervals after the initiation of rewetting: 0.5-1.5, 1.75-2.75, 3.6-4.6, 21-22, 45-46, 69-70 Water without substrates was perfused through the cores between those intervals, except during the initial rewetting phase (4.5/4.6 h). BCP was measured via 14 C-leucine incorporation into bacterial protein (Marxsen, 1996) . Leucine at a concentration of 50 mmol L À1 was added to the perfusion water that was pumped through two cores per time step. These were 0-6, 6-12, 12-24, 32-44, 56-68 and 80-92 h for the Breitenbach, and 0-6, 6-12, 12-24, 31-43, 55-67 and 79-91 h for Mulargia. Simultaneously, one core was run with water containing 5% formaldehyde, which was also used to terminate the experiments. At the end of the experiments, protein was extracted from the disrupted sediments and incorporated 14 C was measured. BCP was calculated by applying the conversion factor from Buesing & Marxsen (2005) for freshwater sediments.
EEA in cores from the middle reach of the Breitenbach was determined as for the rewetted cores at three replicates per substrate from samples taken 19.5-20.5 h after the initiation of perfusion in the laboratory, and BCP was determined 5-19.75 h after starting perfusion at two replicate cores with one control. EEA in wet Mulargia sediments was measured after Wobus et al. (2003) , with three replicates per substrate for 1 h (1.5 h for aminopeptidase), and BCP via 3 H-leucine incorporation following Buesing & Gessner (2003) in combination with the microcentrifugation technique proposed for application in soil by Bååth et al. (2001) .
Results
Abundance of bacteria
Bacterial abundance showed no distinct trend within the rewetting period (Fig. 2) . Initial numbers in dry sediments were much higher in the Breitenbach sediments (3.0 Â 10 9 cells mL À1 sediment) compared with the Mulargia sediments (0.25 Â 10 9 cells mL À1 sediment). For both sites, abundances remained not far from that level until the end of the experiments with temporary decreases at day 1 (Breitenbach) or days 2 and 3 (Mulargia). Abundance of the bacteria in the Breitenbach experimental sediment was similar to nondesiccated sediments, but for Mulargia, even the final abundance after 4 days of rewetting was only 14% of abundance before desiccation.
Bacterial community composition via CARD-FISH
There was no trend in the development of bacterial community composition observed via CARD-FISH through the experiments (data not shown). Thus, only average data are given for each environment. Cells hybridized with the probe for Bacteria (EUB338) accounted for 39% (Mulargia) and 36% (Breitenbach) of the total cells. Compared with the numbers for Bacteria, the sum of specific bacterial groups investigated (Alpha-, Beta-, Gammaproteobacteria, Bacteroidetes, Actinobacteria and Firmicutes) was on average 84% for Mulargia and 53% for Breitenbach. In both sediments, Betaproteobacteria were dominating, followed by Alphaproteobacteria (Fig. 3) . Actinobacteria achieved a distinctly higher percentage in Mulargia sediments than in Breitenbach sediments (21% vs. 8%), whereas Bacteroidetes were more frequent in Breitenbach sediments (12% vs. 2%). Both Gammaproteobacteria and Firmicutes were always found at low percentages. Archaea occurred only at very low percentages in both sediments at about 1% of the total bacterial abundance.
Bacterial community composition via TGGE
The total number of TGGE bands of identical position between samples was 70, of which 27 were detected in Mulargia sediments and 12 in Breitenbach sediments only. Between 24 and 36 bands per sample were identified by densitometry (Table 3) , although visual gel inspection had shown more bands for almost all samples. Richness (S) was on average slightly, but significantly higher in Breitenbach samples than in Mulargia samples (P = 0.0003). The same pattern was observed for diversity (Shannon-Wiener diversity H S ) and evenness (J), with P-values of 0.00005 and 0.024, respectively. In all cases, no trends were detected among the indices during the experiments. Bacterial communities in the samples analyzed by TGGE band patterns separated into two distinct clusters (Fig. 4) . Differences between the two streams were much more pronounced than those between samples from the same stream during the rewetting experiments. The samples from the Mulargia experiment exhibited distinctly higher dissimilarities between samples in time than were observed in the Breitenbach samples. Community patterns are summarized in a CA biplot (Fig. 5) . Axes 1 and 2 explained 52.0% of the bacterial community variation, and axes 3 and 4 explained 12.2% and 8.9%, respectively. This analysis confirmed the results from the cluster analysis of distinct bacterial communities between Breitenbach and Mulargia. It further demonstrated a pronounced shift of community composition in Mulargia sediments during rewetting, especially within the first 2 days of the experiment (samples M0 to M41), whereas only a slight variation occurred in Breitenbach sediments. A slight variation was found in Breitenbach sediments at both of the first ordination axes. However, little variation during the experiment was observed for Mulargia sediments along axis 1, whereas the main variation occurred along the second axis.
BCP
BCP in rewetted Mulargia sediments started at rates distinctly below those in nondesiccated sediments (1.3%), followed by a continuous, eventually 10-fold, increase within the first 2 days. But even after 4 days, BCP rates had not achieved those from sediments before desiccation (Fig. 6) . The initial production rates for Breitenbach sediments were much closer to the values in nondesiccated regions of the stream (66%). Before rates equivalent to nondesiccated habitats were achieved during the second day, BCP had temporarily decreased.
EEA
For the Breitenbach sediments, extracellular b-glucosidase activity increased to values comparable to sediments that were not exposed to dryness even after 4 h of rewetting (Fig. 7a) . Conversely, b-glucosidase activity in the Mulargia sediments remained at low levels until 30 h from rewetting, when it increased to a rate about half of that found in nondesiccated sediments.
Leucine-aminopeptidase started at a very low initial activity level in Breitenbach sediments, but within a few hours, nearly half of the activity found in nondesiccated sediments was achieved (Fig. 7b) . The activity level increased further until the end of the experiment, when values close to those obtained in unaffected sediments were found. In Mulargia sediments, higher initial activity (about 18% of sediments before desiccation) was observed, followed by a nearly continuous increase up to 43% of the rates found in nondesiccated sediments.
Lipase exhibited a very rapid increase in Breitenbach sediments, similar to that observed for b-glucosidase, to a level even higher than that found in nondesiccated sediments (Fig. 7c) . Lipase in Mulargia sediments started at a high initial activity level (equivalent to the maximum level found in Breitenbach sediments), but then continuously decreased until day 4 to a much lower activity level (12%) than had been measured in sediments before desiccation.
Initial phosphatase activity was similar in both streambed sediments, but, relative to nondesiccated sediments, activity was distinctly lower in Mulargia sediments than in Breitenbach sediments (Fig. 7d) . Steadily declining activity levels were measured in Breitenbach cores toward day 4 of the experiment. In Mulargia sediments, a temporary increase followed, but at day 2 of the experiment, a decline began that eventually reached a value similar to those found in Breitenbach sediments.
Discussion
Suitability of the perfused core technique
A perfused core system was applied in this study for exploring the process of re-establishment of microbial communities and their metabolism in streambed sediments recovering from desiccation. This approach is based on laboratory simulations of groundwater discharge through the streambed (Fiebig & Marxsen, 1992) . It had been successfully applied for measuring microbial metabolism in streambed sediments, even in long-term experiments. EEA showed no marked change over 4 days of perfusion ( Marxsen & Fiebig, 1993; Marxsen & Schmidt, 1993) nor did BCP (Marxsen, 1996) . Fiebig (1997) found no apparent change in amino acid metabolism even after 6 months. During this study, the system was used not only for measuring microbial metabolism, as in the earlier studies but also to follow the development of the bacterial community structure upon rewetting of desiccated sediments over 4 days. The system is a very valuable tool for this purpose because it allows the development of microbial community structure and metabolism to be tracked experimentally in streambed sediments recovering from desiccation. Perfusion cores provide a close simulation to natural settings in most streambeds. They enable complex and well-controlled experimental manipulations, for example perfusion with manipulated waters and varying through-flow velocities as well as sampling of perfused water discharged from the sediment cores (Marxsen, 1996) . Whereas for most methods applied together with this system separate cores are needed for each point in time, the development of EEA can be followed in the same cores over the whole experiment. This diminishes the number of cores needed considerably.
Bacterial community structure
Bacterial abundance in desiccated Breitenbach sediments was equivalent to or slightly higher than abundances at sites of the stream that had not become dry (Fig. 2) . Initial BCP achieved only 66% of BCP at nondesiccated sites. This means that the specific production on a per cell basis was 2.8-fold higher in nondesiccated sediments. After 4 days of rewetting, this relationship was 1.2. However, it cannot be determined whether the cells counted were active, dormant or dead using the fluorescence microscopic counts after staining with SybrGreen. Thus, there might have been a higher percentage of inactive cells in the dry sediment, and this percentage might have normalized during the 4 days of rewetting. Bacterial abundance was much lower in dry Mulargia sediments, also in relation to abundance in sediments before desiccation (15%). The specific bacterial production per cell was 11-fold higher in the sediments before desiccation. This suggests a much higher percentage of at least dormant or even dead cells in the very dry Mulargia sediments (0.42% water content; Table 1 ) than in the Breitenbach sediments (16.1% water content). In previous experiments on Mulargia sediments, Amalfitano et al. (2008) similarly found that bacterial abundance decreased during the desiccation process. They also observed that the percentage of bacterial live cells was exponentially related to the sediment water content, resulting in a decrease of 84% from wet to dry conditions, which is also in accordance with the findings from our study. After 4 days of rewetting, specific BCP achieved in Mulargia sediments exhibited rates similar to predesiccation (only 1.2-fold higher before, as for the Breitenbach sediments). However, bacterial numbers (as well as BCP) for Mulargia sediments were still distinctly below the values before desiccation whereas values similar to nondesiccated sediments were found for the Breitenbach sediments. Bacterial community structure in the experimental cores analyzed by TGGE band patterns separated into two distinct clusters, containing either the Mulargia or the Breitenbach samples (Fig. 4) . The Breitenbach community was more diverse initially upon rewetting and remained at a higher diversity level throughout the whole period of experimental rewetting (Table 3 ). Cluster analysis (Fig. 4) further suggested that differences between cores from one stream during recovery from desiccation were more pronounced for the Mulargia than for the Breitenbach sediments.
The main difference between the bacterial communities of the two systems as revealed by CARD-FISH data was the much higher proportion of Gram-positive bacteria in Mulargia sediments (24% Actinobacteria and Firmicutes vs. 9% in Breitenbach; Fig. 3 ). Gram-positive bacteria are known to be more resistant to drying and rewetting (Schimel et al., 2007) . Their cell wall is much more stable and is able to withstand much higher osmotic pressure (Wood et al., 2001) , which is the critical stress during fast rewetting of sediments . Thus, it is not surprising to find more bacteria belonging to the groups of Actinobacteria and Firmicutes in an aquatic environment exhibiting regular intense drying phases than in an environment exposed to scarce, short and less intense desiccation. This is in accordance with observations on Mediterranean soils where climatic history was suggested to select for microbial populations resilient to highly variable moisture conditions (Cruz-Martínez et al., 2009) .
CA suggested a stable bacterial community composition with only slight changes in the Breitenbach sediment throughout the duration of the rewetting experiment (Fig. 5) . On both axes, which explain 52% of the variation, only irregular and small shifts occurred for the samples from 0 to 92 h of the experiment. The Mulargia samples were located far from Breitenbach samples along axis 1, thus indicating differences in OTU composition represented by this axis between the streams. However, for Mulargia sediments, more variation along axis 1 (about threefold) was observed than for the Breitenbach sediments. The occurrence of OTUs, which is represented by axis 2 of the CA, is due to much more distinct changes in the Mulargia samples compared with the Breitenbach samples as well as the variation of the same samples on axis 1. The changes are most pronounced within the first day (c.f. samples taken after 0, 17 and 29 h). This indicates that a part of the bacterial community composition was also less affected by rewetting in Mulargia sediments, having survived the dry period and persisting at a detectable level (4 0.1-1% of bacterial DNA; Muyzer et al., 1993) after rewetting. The reduced intensity of bands, their disappearance and the appearance of new bands or of bands that initially appeared to be weak indicate a distinct change among parts of the community. This is consistent with the shift along axis 2. Previous experiments with different Mediterranean temporary river sediments observed a similar response to drought conditions, shifting to a larger fraction of Alpha-and Betaproteobacteria , accompanied by a drastic decrease of BCP. However, we did not follow long-term changes after rewetting, which might perhaps give a different picture. Rees et al. (2006) had found that drying changed the microbial community structure in a semi-permanent stream in New South Wales (Australia) that did not return to its predrought structure within 1 month.
Microbial metabolism
BCP in Breitenbach sediments started at a high initial level, followed by a temporary decrease, before returning to a level equivalent to that found in nondesiccated sites (Fig. 6 ), which is a pattern similar to that for bacterial abundance (Fig. 2) . However, this contradicts a stable bacterial community composition during the whole rewetting phase and the development of EEA (Fig. 7) . However, it might be possible that the community, dominated by Gram-negative bacteria (mainly Proteobacteria), lost many cells (not selectively) through rupture by osmotic shock after rewetting, followed by a general recovery that again was not selective. The continuous increase of BCP over nearly the first 2 days of rewetting in Mulargia sediments (Fig. 6 ) supports the assumption of the re-establishment of the activity of dormant cells that were not below the detection limit of TGGE, as well as of the development of bacteria adapted to drought-prone aquatic environments. However, at day 3, a temporary decrease occurred. After 4 days of rewetting, BCP achieved only 11% of the rate before desiccation, which is consistent with the relationship for bacterial abundance.
Although extracellular enzymes are generally considered to be short-lived because they are susceptible to inactivation by many environmental factors, in this study, they exhibited high activities in the initial phase of rewetting. This may be due to extracellular enzymes persisting during drought. It is known that extracellular enzymes may be stable in dry soils or aquatic biofilms for weeks. For phosphatases, Perez-Mateos et al. (1991) observed that 65% of the indigenous enzymes remained active after 50 days of soil storage at 22 1C. Romaní & Sabater (1997) showed that EEA recovered immediately in stromatolitic riverine communities when rewetted after summer drought. Thus, survival of extracellular enzymes in desiccated sediments is a valid assumption. Already, Sirová et al. (2006) postulated that enzyme activity retained in desiccated samples contributed to the extremely high regeneration rates in cyanobacterial mats after flooding. Development of activity was distinctly different for extracellular enzymes involved in polymer degradation (b-glucosidase, leucine-aminopeptidase and lipase) and in nutrient remobilization (phosphatase). In general, resumption of activity of the first group of enzymes was faster for the Central European stream (Fig. 7a-c) . Levels similar to nondesiccated sediments were measured for all these enzymes in the Breitenbach sediments after 4 days of rewetting. Although enzyme activities for rewetted Mulargia sediments were similar to Breitenbach sediments at the end of the experiment, they achieved a much lower percentage than in Mulargia sediments before desiccation (12-49%).
The faster recovery of EEA in the Breitenbach sediments can be attributed to the better survival of the indigenous bacterial stream community because of the higher moisture content (16.1%; Table 1) during the phase of desiccation. The high EEA after drought is comparable to the occurrence of high functional gene abundance (denitrifiers, methanogens) in peatland streams that did not decline through drought and exhibited no effects on gene diversity and composition (Kim et al., 2008) . In addition, bacterial population density was not significantly affected (Freeman et al., 1994) . The situation for Mulargia appears to be different. Bacterial community composition changed distinctly during the first days of rewetting as TGGE data showed (Fig. 5) . Resumption of EEA as well as BCP took more time than in Breitenbach sediments. This supports the assumption that not only had bacterial numbers been substantially reduced, but that especially important parts of the community were diminished during drought, which was much more drastic (0.42% water content; Table 1 ) than in the Breitenbach. Thus, the Mulargia sediment community needed more time to recover its structure and functions. After 4 days of rewetting, abundance and activity seemed to be completely restored in the Breitenbach sediments, whereas in the Mulargia sediments, these processes had not yet recovered.
A different picture emerged for the activity of phosphatases. After a greater (Mulargia) or a lesser (Breitenbach) pronounced increase, their activities decreased toward the end of the experiment far below the levels occurring in nondesiccated sediments for both environments (Fig. 7d) . However, the demand for phosphorus should not be less during rewetting and re-establishment of microbial activity. However, the death of organisms induces increasing mineralization of cytoplasmic solutes during the drying process Bardgett et al., 2008) as does the rupture of cells and excretion of osmolytes at initial phases of rewetting (Halverson et al., 2000; Schimel et al., 2007) . All these processes make unbound phosphorus much more available in sediments upon rewetting (Baldwin & Mitchell, 2000) , making the production of phosphatases unnecessary.
Conclusions
This pilot study provided valuable results on the development of bacterial communities and the re-establishment of microbial processes with rewetting following drought, but also showed important details that await further investigation. For example, the impact of the duration and intensity of drought, long-term effects or seasonal differences, and shifts in community composition during drying and rewetting, including impacts on community metabolism and ecosystem services (Sabater, 2008) , require further study. The potential loss of Gram-negative bacteria, which are more susceptible to osmotic stress during drying and rewetting (Schimel et al., 2007) , might result in the loss of 'narrow' or 'specialized' functions (Schimel, 1995) provided by specific groups of Gram-negative bacteria only (Pesaro et al., 2004; Schimel et al., 2007) .
The high activity levels at the beginning of rewetting in both environments, especially of extracellular enzymes involved in polymer degradation (b-glucosidase, peptidase and lipase), indicated the persistence of extracellular enzymes in the sediments during drought. The faster resumption of community structure and metabolism in the Central European stream Breitenbach can be attributed to less complete desiccation. This resulted in survival of a microbial community closer in size and composition to the indigenous stream community than in the Mediterranean stream Mulargia. Thus, the microbial functions investigated were reestablished in the Breitenbach sediments after 4 days of rewetting, but they were still distinctly below activities found before desiccation in the Mulargia sediments. It might be speculated from these results that in the Central European stream Breitenbach the microbial community exhibits high resistance (Allison & Martiny, 2008) against this type of disturbance through comparatively moderate desiccation. However, in the Mediterranean river Mulargia, a community might have developed that is resilient (Botton et al., 2006) to the specific conditions of dry-wet cycles typically occurring in semi-arid climatic regions.
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